Several isoforms of superoxide dismutase (SOD) with a high isoelectric point (pI) have been identified by isoelectric focusing chromatography in protein extracts from Scots pine (Pinus sylvestris) needles. One of these isoforms, a CuZn-SOD with a pI of about 10 and thus denoted hipI-SOD, has been isolated and purified to apparent homogeneity. A cDNA encoding the hipI-SOD protein was cloned and sequenced. Northern hybridization of mRNA isolated from different organs and tissues showed that hipI-SOD has a markedly different pattern of expression compared with chloroplastic and cytosolic SOD. Furthermore, the transcript levels of hipI-SOD and cytosolic SOD were found to respond differently to mechanical wounding, treatment with oxidized glutathione, paraquat, and ozone. Immunogold electron microscopy localized the hipI-SOD in the plasma membrane of sieve cells and the Golgi apparatus of albuminous cells. Moreover, high protein density was also detected in extracellular spaces such as secondary cell wall thickenings of the xylem and sclerenchyma and in intercellular spaces of parenchyma cells.
Superoxide dismutases (SODs; E.C. 1.15.1.1) belong to a family of metalloenzymes which catalyze the disproportionation of superoxide anion (O 2 Ϫ ) radicals to yield molecular oxygen and hydrogen peroxide (H 2 O 2 ). The main function of SOD is to scavenge O 2 Ϫ radicals generated in various physiological processes, thus preventing the oxidation of biological molecules, either by the radicals themselves, or by their derivatives (Liochev and Fridovich, 1994; Fridovich, 1995) . A number of environmental stresses can lead to enhanced production of O 2 Ϫ within plant tissues, and plants are believed to rely on the enzyme SOD to detoxify this reactive oxygen species.
Plants possess three types of SODs with different prosthetic metal groups: CuZnSOD (Cannon et al., 1987; Perl-Treves et al., 1988; Bowler et al., 1992) , MnSOD (White and Scandalios, 1988; Bowler et al., 1989) , and FeSOD (van Camp et al., 1991) . Although only a single isoform of CuZnSOD has been detected in chloroplasts, several cytosolic isoforms have been described (Perl-Treves et al., 1988; Scioli and Zilinskas, 1988, Streller et al., 1994) .
Immunoelectron microscopic studies have demonstrated that the cytosolic (cyt)-CuZnSOD is present in the cytosol adjacent to the vacuole in plant cells (Ogawa et al., 1996) . Apoplastic isoforms of SOD have been identified in extracellular washing fluids of Scots pine (Pinus sylvestris) needles . Several isoforms of SOD have also been detected by isoelectric focusing (IEF) chromatography of protein extracts from Scots pine needles in the high-pI range (Schinkel et al., 1998) . In the study described in this paper, we purified one of these isoforms and present here its cDNA sequence, expression pattern, redox regulation, and subcellular localization as determined by immunoelectron microscopy.
RESULTS

Purification of hipI-SOD
An SOD isoform with a specific activity of 245,000 units mg protein Ϫ1 has been purified from homogenates of Scots pine needles to apparent homogeneity (Table I ). The enzymatic activity of the purified enzyme corresponds to 6,360 units mg protein Ϫ1 in the McCord and Fridovich xanthine oxidase/cytochrome c assay (Marklund, 1985) . Overall, a 1,360-fold purification was obtained, with a recovery of 0.8% of the initial total SOD activity and a yield of 360 g protein. Both the chromatographic and gel electrophoretic properties of the protein indicate that this SOD is a dimeric enzyme. The final preparation contained a single protein band at a position corresponding to a size of 16 kD after SDS-PAGE when dena-turated without addition of mercaptoethanol ( Fig. 1) . However, when denaturated in the presence of mercaptoethanol, one band at 17.5 kD together with a possible minor degradation product of a lower M r was found (Fig. 1) . The shift toward a higher M r indicates the intrachain disulfide bond between Cys-58 and Cys-147 (Fig. 2; Bordo et al., 1994) . The SOD was eluted in size exclusion chromatography at a position corresponding to a molecular mass of approximately 24.8 kD. The pI of the active enzyme, as determined by IEF on a pH gradient gel of 6.5 to 10.5 was about 10.2, close to the pI of the cytochrome c marker (Fig. 3) . The presence of either 2 mm KCN or 5 mm H 2 O 2 in the direct KO 2 assay completely abolished the SOD activity (data not shown). The amounts of enzymatic activity of this new SOD form in leaves in relation to total SOD activity was estimated to be around 2%. Raising the salt concentration in the extraction buffer (to 1 m NaCl) increased the relative level of extracted hipI-SOD from Scots pine needles by approximately 30% (data not shown).
Characterization of cDNA and Amino Acid Sequence Alignment
The full length of hipI-SOD cDNA encodes 156 amino acids. The extent of hipI-SOD homology to cyt-SOD from maize, tomato, and Scots pine was 70%, 71%, and 70%, respectively, whereas its homology to chloroplastic (cp)-SODs from pea (Pisum sativum), tomato, and Scots pine was only 62%, 63%, and 64%, respectively. The positions of amino acids in hipI-SOD have been compared with corresponding residues in the three-dimensional structures of CuZnSOD (Getzoff et al., 1983 (Getzoff et al., , 1992 Kitagawa et al., 1991) to investigate structural relationships and to deduce their possible function. The protein represents a CuZn-type of SOD enzyme and histidines and the Asp, which coordinates the Cu 2ϩ and Zn 2ϩ are conserved in the Scots pine SOD amino acid sequence ( Fig. 2 ).
Transcript Levels of hipI-SOD in Different Organs and Tissues of Scots Pine
To characterize the expression of hipI-SOD in different organs and tissues of Scots pine, poly(A ϩ ) RNA isolated from the stem and needles (primary and secondary) was analyzed by northern hybridization using the 3Ј-non-translated region of hipI-SOD cDNA as a probe (Fig. 4A) . A hipI-SOD transcript of about 1,000 bp has been found in samples isolated from stem and in both types of needles, with higher expression in secondary needles. Among stem tissues, the highest transcript level of hipI-SOD was found in phloem.
To show that the novel hipI-SOD differs in expression pattern from cyt-and cp-SODs, the same northern blot was used for hybridization with two other probes containing mostly 3Ј-non-translated regions of cyt-and cp-SOD cDNAs. The strongest signals using a cp-SOD probe were detected in primary needles and, to a lesser extent, in phloem and cambium layers. The highest level of cyt-SOD transcript was also found in both layers, but in contrast to hipI-SOD, quite high levels of this message were also found in the xylem.
Regulation of hipI-SOD in Response to Oxidative Stress Factors and Wounding
We have shown recently that the level of cyt-SOD transcript is reduced after treating Scots pine seed- lings with reduced glutathione (GSH), but it does not change when the plants are treated with oxidized GSH (GSSG; Wingsle and Karpinski, 1996) . To test the effects of GSH and GSSG on hipI-SOD transcript, we used mRNA obtained from this experiment. Similar to cyt-SOD, hipI-SOD transcript level was found to be reduced after treatment with GSH. However, in contrast to cyt-SOD, the level of hipI-SOD transcript was significantly increased after 6 h of GSSG treatment (Fig. 4B ). The response of hipI-SOD and cyt-SOD transcripts to wounding and treatment with paraquat and ozone was analyzed by quantitative RT-PCR relative to the 18S rRNA RT-PCR product. The results show that both transcripts were induced in response to mechanical wounding, ozone, and paraquat; however, the levels of increase and time to elicit the response differed between hipI-SOD and cyt-SOD ( Fig. 4C) 
Characterization of hipI-SOD Antibodies
The IgG fraction of the antiserum against hipI-SOD after affinity purification on a column of immobilized CuZnSOD showed no cross reactivity with purified cp-SOD and cyt-SOD, but gave a strong signal with purified hipI-SOD on western blots (Fig. 5 ). In no case was the signal detected when pre-immune serum was used (data not shown).
Immunogold Localization of hipI-SOD
Immunogold electron microscopy was used to investigate the subcellular distribution of hipI-SOD in plants. Thin sections of cotyledons (8 d after germination), primary needles, and secondary needles of Scots pine were used for these studies. The protein was not detected in the cytoplasm, mitochondria or nuclei. A high density of label was found over dictyosomes in the albuminous cells of primary needles ( Fig. 6A ) and plasma membrane of sieve cells in cotyledons ( Fig. 6B ). Intense labeling with hipI-SOD antibodies was also observed in the extracellular matrix (apoplast), e.g. in cell walls (Fig. 6 , F-H) and in intercellular spaces (IC; Fig. 6C ). The cell walls of xylem tracheid (Fig. 6F ), bordered pits of the xylem (Fig. 6H ), and sclerenchyma cells ( Fig. 6G ) were densely stained with hipI-SOD antibodies. When preimmune serum was used as a control, there was no significant immunogold labeling in the secondary cell wall of xylem (Fig. 6E ). The cell wall of bordered pits in the xylem of secondary needles was densely stained, but the cell walls of bordered pits in transfusion tracheids of parenchyma were free of gold label (Fig. 6J ). Intensive labeling was observed only in intercellular spaces and cell walls of young, developing cotyledons, whereas the mature and older needles showed no labeling. Dense staining could be detected between cells of developing parenchyma in young cotyledons ( Fig. 6C ), whereas spaces between mature cells of old needles were barely labeled (Fig.  6D ). The secondary cell wall of developing sclerenchyma cells of young Scots pine cotyledons were significantly labeled ( Fig. 6G ), but only very weak labeling was observed in sclerenchyma cells of old Scots pine needles ( Fig. 6I ). Similar protein localization has been found in tobacco (Nicotiana tabacum) leaves using antibodies against Scots pine hipI-SOD (data not shown).
DISCUSSION
As has been shown previously, SODs with high pIs represent a separate group of SOD isoforms that migrate on IEF gel to ՆpI 7 and they are easily distinguished from cyt-and cp-SODs, which are detected at pI 5.5 (Schinkel et al., 1998) . A cDNA corresponding to one of these isoforms has been isolated from Scots pine. The properties of the protein, together with its expression patterns and transcript regulation, strongly suggest that hipI-SOD represents a novel isoform of SOD, distinct from cyt-and cp-SODs. The difference between them is also indicated by the low amino acid sequence homology, estimated as only 70% to cyt-SOD and 64% to cp-SOD of Scots pine. Because the cyt-SODs are at least 90% homologous within any plant species, and at least 70% homologous when isoforms from different species are compared, the hipI-SOD shows quite low homology both to cyt-SODs from Scots pine and Figure 2 . The deduced amino acid sequence hipI-SOD from Scots pine. The comparison of the deduced amino acid sequence of hipI-SOD with cytosolic CuZnSOD from Scots pine, tomato (Lycopersicon esculentum), and maize (Zea mays; Cannon and Scandalios, 1987; Perl-Treves et al., 1988; Karpinski et al., 1992) and chloroplastic CuZnSOD from pea, tomato, and Scots pine (Scioli and Zilinskas, 1988; Perl-Treves et al., 1988; Karpinski et al., 1992) . Strictly homologous amino acid residues are shaded. Underlined amino acids indicate regions sequenced by the Edman degradation method. Asterisks show the residues binding Cu and Zn (Bordo et al., 1994) . The GenBank accession no. for the hipI-SOD sequence is AJ307586.
other species (Cannon and Scandalios, 1989; Kanematsu and Asada, 1991) . Nevertheless, this homology is mostly due to the highly conserved C-terminal two-thirds of hipI-SOD. The N-terminal regions of four cyt-SOD proteins (of about 20 amino acids) have already been characterized in Scots pine (Wingsle et al., 1990; . The homology among them ranges between 80% to 95%; however, they show only 45% to 50% homology to the corresponding portion of hipI-SOD.
As northern analysis shows, low transcript levels of hipI-SOD are detectable in primary needles, whereas higher transcript levels are found in secondary needles. Among stem tissues, high levels of expression of hipI-SOD are detected in phloem and cambium regions, but levels are very low in xylem. The higher levels of hipI-SOD transcript present in secondary needles as compared with primary ones could be due to the relatively high proportions of phloem cells in secondary needles. The opposite pattern is found if analyzing the transcript levels of cyt-SOD and cp-SOD, which are significantly higher in primary needles. The presence of CuZnSOD in vascular tissues has been shown previously by immunogold-electron microscopic analysis of spinach (Spinacia oleracea) leaves (Ogawa et al., 1997) . Furthermore, the pro-moter of the gene encoding cytosolic CuZnSOD fused to ␤-glucuronidase reporter gene has been shown to be highly active in phloem cells of leaves and stem in tobacco (Hérouart et al., 1994) . A, Northern-blot hybridization of hipI-SOD, cyt-, and cp-SOD in different organs and stem tissues of Scots pine. Poly(A ϩ ) RNA (3.5 g) was separated by gel electrophoresis, transferred to a filter, and hybridized to homologous, gene-specific hipI-, cyt-, and cp-SOD cDNA probes. P. needles, Primary needles; S. needles, secondary needles. B, Northern hybridization; poly(A ϩ ) RNA (10 g per lane) isolated from needles of Scots pine shoots treated for 1, 3, and 6 h with water, 5 mM GSSG, or 5 mM GSH as described previously (Wingsle and Karpinski, 1996) . The RNA was separated by gel electrophoresis, transferred to a filter, and hybridized to homologous hipI-SOD and cyt-SOD cDNA probes. C, Quantitative RT-PCR; separation of quantitative RT-PCR products in Scots pine cotyledons after 2, 4, and 8 h of treatment with 8 M paraquat (PQ) and after 24 h of recovery (R). Seedlings were also fumigated with 0.5 L L Ϫ1 ozone (OZ) and samples collected after 1.5, 11, and 14 h of treatment and after recovering for 24 h (R). Wounded seedlings (W) were collected after 1.5, 4, 7, and 16 h after crushing. To control the changes of mRNA levels during the experiment, non-treated needles were collected parallel with the experimental samples and used for RT-PCR (data not shown).
The analysis of the regulation of hipI-SOD and cyt SOD transcripts shows that the transcription is modulated in response to a variety of factors. In contrast to the previously analyzed cyt-SOD (Wingsle and Karpinski, 1996) , the transcript level of hipI-SOD in Scots pine needles was increased by GSSG treatment. This clearly indicates that there are differences in the redox regulation of hipI-SOD by GSH as compared with cyt-SOD. The results are also in contrast with the data of Hérouart et al. (1993) , where the induction of the phloem-localized cyt-SOD has been observed by GSH but not by GSSG in tobacco. The discrepancy can be either due to the fact that different systems were used, e.g. protoplasts versus intact plant or the result of the differences in redox transduction pathways between angiosperms and gymnosperms.
Furthermore, quantitative RT-PCR analysis showed that the levels of hipI-SOD and cyt-SOD transcripts are induced in response to paraquat, ozone, and mechanical wounding; however, they differ in time required for eliciting the response and the level of induction. This may suggests a hierarchy of regulatory events acting at the transcription of SOD genes, unless the location of hipI-SOD in the plant is simply less accessible than cyt-SOD to redox reagents.
Because hipI-SOD represents a novel isoform of CuZnSOD, we have been interested in investigating the subcellular localization of this enzyme in plants using immunoelectron microscopy. HipI-SOD protein was detected in Golgi apparatus of albuminous cells and plasma membrane of Scots pine sieve cells (Fig. 6, A and B) . It is well known that proteins for these cells are synthesized in neighboring cells (albuminous or companion cells) and are secreted into the sieve elements. The protein label found in the dictyosomes of albuminous cells suggests that hipI-SOD is likely translocated to the sieve elements via the Golgi secretory pathway. Moreover, the protein detected in cell walls of variety of cells must be also transported out of these cells. The classical pathway for secretion of extracellular proteins generally involves translocation of proteins with appropriate N-terminal signal sequences from the cytosol into the lumen of the ER (Galili et al., 1998) , after which they are transported in vesicles through the Golgi apparatus toward the plasma membrane. However, there are a variety of proteins that lack traditional N-terminal secretory signal sequences, and yet are secreted out of the cells (Monroe et al., 1991; Zhou et al., 1992) . It has been demonstrated that thioredoxin-H, one of the major proteins in rice (Oryza sativa) phloem sap, is translocated into sieve tubes, although no signal peptide can be identified in the protein sequence (Ishiwatari at al., 1995) . Thus, in some cases the mechanism of intercellular protein transport between companion/ albuminous cells and sieve elements is still unclear.
HipI-SOD appears to be such a protein because its primary structure does not show any N-terminal ER targeting sequence.
Numerous studies demonstrate that the ROS, O 2 Ϫ and H 2 O 2 , are produced in vascular tissues, i.e. xylem and phloem (Hérouart et al., 1994; Ogawa et al., 1997) . Wounded plant organs, in particular, can produce a burst of these oxygen intermediates (Salin and Bridges, 1981; Sekizawa et al., 1987) . Recent results also show that H 2 O 2 present in vascular tissues may function as a systemic signal in wounding responses and systemic acquired resistance in Arabidopsis (Orozco-Cardenas and Ryan, 1999; S. Karpinski, unpublished data). The fact that the transcript of hipI-SOD increased in response to mechanical wounding supports this hypothesis. Thus, it is possible that hipI-SOD in the phloem could act as a regulator of H 2 O 2 pulses, being involved in the transmission of systemic signals in wounding or pathogen responses. Dense immunolabelling also occurred in the extracellular matrix, e.g. in cell walls and the intercellular space in various cell types. The secondary cell wall of developing sclerenchyma cells of young Scots pine cotyledons were densely stained, whereas only very weak labeling was observed in sclerenchyma cells of mature Scots pine needles (Fig. 6, G and I) . Intense labeling was detected between cells of developing parenchyma tissues, but spaces between mature cells were rarely labeled (Fig. 6 , C and D). All these results hint at a developmental regulation of protein expression.
Substantial labeling was also observed in the cell walls of xylem tracheid and bordered pit of xylem (Fig. 6, F and H) , which are also known to be highly lignified. However, the transfusion cell (not lignified) in parenchyma did not show any significant labeling ( Fig. 6J; Esau, 1977) . This indicates that SOD may participate in the lignification process by generation of H 2 O 2 . This conclusion is confirmed by the obser- vation that the densely labeled cell wall of the bordered pit of xylem was also intensively stained with phloroglucinol-HCl, whereas unlabeled cell wall of bordered pit in transfusion tracheid was not. The contribution of SOD to lignification has been suggested previously on the basis of experiments showing colocalization of cytosolic CuZnSOD in vascular tissues of spinach hypocotyls and sites of H 2 O 2 production (Ogawa et al., 1997) .
The immunogold label found in extracellular compartments of a variety of cells suggests that hipI-SOD antibodies recognize other SOD proteins, closely related to hipI-SOD. The later suggestion can be supported by the fact that more partial sequences similar to hipI-SOD have been isolated both from the Scots pine cDNA library and cloned 5Ј-and 3Ј-RACE products. Moreover, the results of Southern-blot hybridization, showing at least two restriction fragments of DNA hybridizing to the N-terminal region of hipI-SOD, indicate the presence of other genes similar to hipI-SOD (data not shown).
In further experiments, we aim to characterize transgenic lines overexpressing hipI-SOD from Scots pine generated in Arabidopsis, and to generate lines with antisense inhibition hipI-SOD ortholog isolated from Arabidopsis. This approach will clarify the function and subcellular distribution of this novel type of CuZnSOD.
MATERIALS AND METHODS
Plant Material
Current and 1-year-old needles were collected in August from healthy 15-year-old field-grown Scots pine (Pinus sylvestris) trees. Scots pine seedlings were grown on fertilized peat in a greenhouse under an 18-h photoperiod comprising natural daylight supplemented with metal halogen lamps (HQI-TS, 400 W, Osram, Germany) giving a minimum quantum flux density of 150 E m Ϫ2 s Ϫ1 . The temperature was about 22°C during the day and approximately 17°C at night. Four-week-old seedlings were fumigated with 0.5 L L Ϫ1 of ozone as described previously (Wingsle et al., 1992) , treated with 8 m paraquat as shown for GSSG/GSH treatment by Wingsle and Karpinski (1996) , or wounded by crushing the surface for the analysis of the relative quantitative RT-PCR.
Purification and Analysis of hipI-(CuZn) SOD
Field-grown Scots pine needles (5 kg fresh weight) were frozen in liquid nitrogen and homogenized in a coffee mill to a fine powder. Purification steps including ammonium sulfate precipitation, the DEAE 52-cellulose, and phenylsuperose were performed as earlier described (Streller et al., 1994). Solid ammonium sulfate was added to the eluent from DEAE 52-cellulose to raise the concentration to 1.7 m.
The sample was batch adsorbed to 300 mL Phenyl-Sepharose Fast Flow (Pharmacia LKB, Uppsala), equilibrated with 50 mm Na-phosphate buffer (pH 7.0), containing 1.7 m ammonium sulfate and eluted with a gradient of 1.7 to 0 m ammonium sulfate in the phosphate buffer. After desalting, the active fraction from phenyl-sepharose separation was applied to a column (5 ϫ 15 cm) of DEAE 52-cellulose, equilibrated with Tris-HCl buffer. The column was washed with 600 mL of the same buffer at a flow rate of 3 mL h Ϫ1 cm Ϫ2 . The eluent was collected and concentrated using a macrosolute concentrator (Amicon, Danvers, MA) with a 10-kD cut-off filter, to a volume of 10 mL. The sample buffer was exchanged using PD-10 (Pharmacia LKB) columns, equilibrated with 50 mm 2-(N-morpholino)ethanesulfonic acid-NaOH buffer (pH 6.5). The gel-filtered sample was then applied to a column (2.5 ϫ 6 cm) of Sepharose S Fast Flow (Pharmacia LKB), equilibrated with the same buffer.
SOD activity was eluted by gravity flow with 20-column volumes of a 0 to 150 mm NaCl gradient in the buffer. SOD activity was determined by the direct KO 2 assay (Marklund, 1985) . Staining for SOD activity after IEF was performed as described by Beauchamp and Fridovich (1971) . Protein content was estimated from the light absorbance of the sample at 280 nm, assuming that A ϭ 1 corresponds to 1 mg of protein per mL. Purified hipI-SOD was hydrolyzed and analyzed for protein content by HPLC (Näsholm et al., 1987) .
Preparation and Purification of Antibodies
Purified hipI-SOD was used to prepare antibodies by intramuscular injection into rabbit. The enzyme (200 g) was emulsified with Freud's complete adjuvant before injection. Subsequent injections (50 g) were given in the 3rd and 6th weeks, and after that, the last booster serum was collected. Horseradish SOD (5 mg, Sigma, St. Louis) was bound to 1.8 g CNBr-activated Sepharose 4B according to the manufacturer's recommendations (Pharmacia LKB). The Sepharose gel with coupled horseradish SOD (6.3 mL) was packed in a column (1.5 ϫ 5 cm) and equilibrated with Tris-buffered saline (TBS; 20 mm Tris-HCl, pH 7.5, and 150 mm NaCl) containing 0.25% (w/v) Triton X-100 (TBS-Triton). Approximately 200 L anti-hipI-SOD antiserum, pH adjusted by addition of 20 L 1 m Tris-HCl (pH 7.5), was applied to the affinity column and was incubated overnight with very gentle agitation on the column to promote immunological interaction. Purified anti-hipI-SOD antibody was collected by elution with 6 mL TBS-Triton. The affinity column was regenerated by a series of washes with 50 mm diethanolamine (pH 11.9) and 0.2 m Gly (pH 2.6), containing 0.5 m NaCl, and with 6 m urea.
Electrophoresis and Immunoblotting
SDS-PAGE, IEF and western blotting were performed at 15°C using a Phast system (Pharmacia LKB). SDS-PAGE was carried out on 10% to 15% (w/v) polyacrylamide gradient gels or on SDS-high-density gels (20% [w/v] polyacrylamide and 30% [w/v] ethylene glycol) for 60 or 120 AVh, respectively. IEF gels, pI 3 to 9 gels, and dry IEF gels were used for IEF. The dry gels were rehydrated in 2.5% (w/v) Pharmalyte (Pharmacia LKB), pI 6.5 to 9; 2.5% (w/v) Pharmalyte, pI 8 to 10.5; or 10% (w/v) Suc and 50 mm Arg for 30 min under nitrogen. Proteins were visualized by silver staining. Proteins resolved by IEF or SDS-PAGE were electroblotted onto polyvinylidene fluoride membranes (Bio-Rad, Hercules, CA). The blotted membranes were blocked with 5% (w/v) milk powder in TBS containing 0.05% (w/v) nonidet P-40 (TBS-nonidet). After blocking, the membranes were incubated with Scots pine anti-hipI-SOD antiserum or purified Scots pine anti-hipI-SOD antibody in TBS containing 2% (w/v) milk powder and 0.25% (w/v) Triton X-100 (antibody buffer). The membranes were washed four times in TBS-nonidet for 10 min and then incubated in secondary antibody (anti-rabbit IgG-POD, Boehringer Mannheim, Ottweiler, Germany) in antibody buffer for 30 min. After washing in TBS-nonidet as before, the blots were immersed in detection solution and chemiluminescence was detected as described by the manufacturer (Boehringer Mannheim). Controls were run with rabbit serum to check for nonspecific adsorption of primary antibody.
Fixation, Substitution, Embedding, and Immunoelectron Microscopy
Leaf sections (1 mm 2 ) were fixed, substituted, and embedded in Lowycryl HM20 resin (Plano GmbH, Marburg, Germany) as described previously (Teige et al., 1998) . The cured blocks were cut into ultra-thin sections with a thickness of 70 to 90 nm on an ultramicrotome (Ultra cut F; Reichert, Wien, Austria) and mounted on copper grids, followed by immunogold labeling with 10 nm goldprotein-A, as previously described (Sü ss et al., 1993) . Finally, specimens were stained with uranyl acetate prior to examination in a transmission electron microscope (CEM 902A, Zeiss, Jena, Germany) at 80 kV.
Amino Acid Sequence Analysis
Purified hipI-SOD was desalted by gel filtration using Sephadex G-25 columns. The Trp and Cys amino acid residues of the desalted hipI-SOD were modified by vapor phase S-pyridylethylation (Yamada et al., 1991) . Approximately 200 pmol of modified hipI-SOD (3.4 g protein) was treated with CNBr (Fontana and Gross, 1986) or digested with Protease V8 (Boehringer Mannheim) in ammonium carbonate buffer (pH 7.8; Homard and Drapeau, 1972) . The resulting peptides were separated by SDS-high-density PAGE and were electrotransferred to polyvinylidene difluoride membranes. Electroblotted peptides were visualized by Coomassie G-250 dye binding (Bio-Rad). The NH 2terminal portions of the peptides were sequenced by the Edman degradation method (model 477 A protein/peptide sequencer coupled with the online model 120 A PTH Analyzer; Applied Biosystems, Foster City, CA).
Cloning and Sequencing and of Scots Pine hipI-SOD
On the basis of the amino acid sequence of Scots pine hipI-SOD, two degenerated, 29-mer oligonucleotides-5Ј-GAGGCTACAAAGGTTTTTGGI(A/C) G(ATGC) AT-(CAT) AC-3Ј (sense) coding EATKVFGRI and 5Ј-GGC-CGCTTIA(A/G) AGGAAT(C/T) TTCCA(A/G) TC(C/T) TG-3Ј (antisense) coding ELSIQDWKI-were synthesized and used for the amplification of an internal sequence of the hipI-SOD (231 bp) from a Scots pine lambda gt 10 cDNA library (Karpinski et al., 1992) . The amplified cDNA library was grown in Escherichia coli strain C 600. Duplicate filters representing 500,000 plaques were prepared for screening with the 32 P-dCTP-labeled 250-bp fragment (Ausubel et al., 1989) . Filters were washed twice for 10 min in 1ϫ SSC and 0.1% (w/v) SDS at room temperature and once for 10 min in 1ϫ SSC and 0.1% (w/v) SDS at 65°C. After screening and rescreening, one positive clone (PST 101) was isolated and subcloned in the pGEM vector (Promega, Madison, WI).
DNA sequencing was carried out using an Applied Biosystems DNA sequencer model 373A (Applied Biosystems) with an ABI PRISM Dye-Terminator Cycle Sequencing Ready Reaction kit (Perkin Elmer, Foster City, CA) and specific primers, according to the manufacturer's instructions.
The full-length sequence has been obtained by 5Ј and 3Ј RACE using the SMART Race cDNA amplification kit (CLONTECH Laboratories, Inc., Palo Alto, CA).
The translation products of the SOD genes were aligned using the PILEUP program in the GCG package (Genetics Computer Group, Madison, WI).
Northern Hybridization
Primary and secondary needles were obtained from 3-week-to 1-year-old Scots pine seedlings. Vascular tissues were collected from the stem of a 6-year-old Scots pine tree by peeling the bark, and scraping the tissues from xylem, the cambial zone (with some of the phloem), and phloem. The fraction on the xylem side (denoted xylem) consisted of differentiating xylem with the primary wall xylem elements. The first, very gently scraped fraction taken from the bark side (denoted cambium) consisted of cambial zone cells, and differentiating and functional phloem. The second layer, scraped harder, contained nonfunctional phloem with phloem fibers.
Total RNA was prepared according to Chang et al. (1993) . Poly(A ϩ ) RNA was obtained from the total RNA using Oligo (dT) 25 Dynabeads (Dynal A.S., Oslo). Poly(A ϩ ) RNA (3.5 g) was glyoxilized and electrophoretically separated on a 1% (w/v) agarose gel. The corresponding RNA gel blot was hybridized sequentially with fragments containing specific, 3Ј-terminal non-coding regions of cyt-SOD, cp-SOD, and hipI-SOD. Probes were labeled with [␣-32P]-(dCTP) by the random primer method using the kit and protocol of the supplier (Pharmacia LKB). Hybridization was performed according to Church and Gilbert (1984) , and filters were washed in stringent conditions at 65°C (0.1% [w/v] SSC and 0.1% [w/v] SDS). The equivalence of RNA loading among lanes on agarose gels was established by hybridization with a cDNA probe encoding the conserved region of the Scots pine actin. The filters were analyzed on a phosphor imaging system (GS-525 Molecular Imager, Storage Phospor Imaging Systems, Bio-Rad). The probe was removed between hybridizations by treatment of the nylon membrane (Hybond N, Amersham Pharmacia, Chalfont, UK) with boiling 0.1% (w/v) SDS solution.
Relative Quantitative RT-PCR
Relative quantitative RT-PCR was performed according to the Intermedica Instruction Manual. In general, 1 g of total RNA (extracted as above) was converted to the first strand of cDNA with random primer mixture at 42°C in 1 h, using Superscript II RNAse H Ϫ reverse transcriptase (Life Technologies/Gibco-BRL, Cleveland). RNA samples were treated with DNAse I and RNAse-free (Boehringer Mannheim) and control PCR was run to check the absence of genomic DNA. 18SRNA was used as internal, constitutive control and co-amplified with hipI-SOD or cyt-SOD specific primers in the same reaction. The primers have been chosen to amplify only specific regions of cDNAs (hipI-SOD; forward, TGCCTTCAGGGAGCGAGAACG, reverse, CTGGAAGCCTTTATCCAGG and cyt-SOD; and forward, GAATGGTGCTGCTGATGTCAAGG, reverse, GC-CAGCCTATAAATAACCAACTG). The number of cycles (usually 27-29) was established empirically to amplify the target cDNA and the control in the linear range.
